To assess the feasibility of noninvasively imaging the regional distribution of myocardial sympathetic innervation, we evaluated the distribution of sympathetic nerve endings, using 123I metaiodobenzylguanidine (MIBG), and compared this with the distribution of myocardial perfusion, using 291TI. Twenty dogs were studied: 11 after regional denervation, and nine as controls. Regional denervation was done by left stellate ganglion removal, right stellate ganglion removal, and application of phenol to the epicardial surface. Computer-processed functional maps displayed the relative distribution of MIBG and thallium in multiple projections in vivo and excised heart slices in all animals. In six animals, dual isotope emission computed tomograms were acquired in vivo. Tissue samples taken from innervated and denervated regions of the MIBG images were analyzed for norepinephrine content to validate image findings. Normal controls showed homogeneous and parallel distributions of MIBG and thallium in the major left ventricular mass. In the left stellectomized hearts, MIBG was reduced relative to thallium in the posterior left ventricle; whereas in right stellectomized hearts, reduced MIBG was in the anterior left ventricle. Phenol-painted hearts showed a broad area of decreased MIBG extending beyond the area of phenol application. In both stellectomized and phenol-painted hearts, thallium distribution remained homogeneous and normal. Norepinephrine content was greater in regions showing normal MIBG (550±223 ng/g) compared with regions showing reduced MIBG (39+±44 ng/g) (p<0.001), confirming regional denervation. Combined MIBG-thallium functional maps display the regional distribution of sympathetic innervation. This new ability to noninvasively map the distribution of sympathetic nerves with simultaneous comparison to regional perfusion may provide important new insights into mechanisms, whereby an imbalance in sympathetic activity may relate to clinical disorders. (Circulation 1989;79:634-644) T he sympathetic nervous system has been implicated in the pathophysiology of numerous clinical disorders of cardiac function.1 However, a detailed assessment of myocardial sym-pathetic nerve innervation, particularly in vivo, has not, until now, been practical and few studies have performed such analysis. Radiolabeled metaiodobenzylguanidine (MIBG) has recently been devel-oped2 and has shown an affinity for the adrenal medulla and sympathetic nerve endings,3 including those of the heart.3 We evaluated the feasibility of imaging the distribution of myocardial sympathetic nerve endings noninvasively using '231-labeled MIBG in regionally denervated dog hearts. To facilitate the analysis of MIBG distribution and add additional information relating innervation to perfusion, we performed simultaneous assessment of myocardial 201T1 throughout distribution.
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Methods
We compared the myocardial distribution of sympathetic nerves using 123I MIBG with the distribution of myocardial perfusion, using 201T1 with the aid of color-coded computer functional maps.4
Study Population
Studies were performed on 20 conditioned adult mongrel dogs that weighed 8-20 kg. Eleven dogs underwent regional cardiac sympathetic denervation by left stellate ganglion removal (n = 4), right stellate ganglion removal (n = 2), and application of phenol to the epicardial surface (n = 5). The latter causes necrosis of subepicardial sympathetic nerve trunks. Nine dogs served as controls. The denervated animals were studied 7-10 days after surgery.
Surgical Procedures
Stellate ganglion removal. For the stellectomy studies, mongrel dogs were anesthetized with intravenous pentobarbital (20 mg/kg), intubated, and ventilated by a Harvard respirator. Either the third left or right intercostal space was entered. The left or right stellate ganglion was identified and excised. The chest was closed, and the animals allowed to recover for 7-10 days. Postanesthetic pain was treated with 0.4 mg/kg Stadol (butorphanol tartrate) i.m. every 3-5 hours, as necessary. We also injected 10-12 mg/kg i.m. Polyslex (ampicillin) daily for 5-10 days to prevent postoperative infection.
Epicardial phenol application. For the phenol studies, the dogs were anesthetized and ventilated as outlined above. A left thoracotomy was performed. After pericardiotomy and dissection of the circumflex artery and its first obtuse marginal branch, regional phenol was applied to the left ventricular free wall. Based on the guidelines of Chilian et al,5 perivascular phenol was applied to the segment of the left circumflex artery entering this region and on the proximal segment of the obtuse marginal branch, using umbilical tape dipped in 88% phenol solution. Next, we applied phenol to the epicardial surface with the wooden end of a cotton applicator stick dipped in phenol to make 3-5-mm wide lines demarcating a basal midsection of the left ventricle. The longitudinal placement of this region extended from the basal boundary at the atrioventricular groove and the apical boundary, which was set at about half the distance between the atrioventricular groove and apex. The distance of the anterior and posterior boundaries of phenol lines was set about one third of the distance between the origin of the anterior descending artery and the origin of the posterior descending artery.
All animals survived to imaging.
Synthesis ofMIBG MIBG was initially synthesized by the method of Short and Darby6 and Wieland et al. 2 The chemical nature and purity of this compound were confirmed by the multisynthesis approach with methylisourea, methylisothiourea and cyanamide, infrared spectroscopy, elemental composition, and melting-point determination. Subsequently MIBG was obtained from Mara Specialty Chemicals (Marcus Hook, nonactivated arylbound iodide was achieved by solid-phase ammonium sulfate exchange or by nucleophilic isotopic exchange based on the use of Cu(I) in an acidic and reducing medium. The resulting specific activity was 20-30 mCi/mg.
Imaging Protocol
The animals were anesthetized with pentobarbital, intubated, and ventilated with a Harvard respirator 7-10 days after surgery. Control animals were anesthetized in a similar manner and studied without a sham procedure. 123I MIBG (4-6 mCi) were injected intravenously, followed by the acquisition of 5 minute planar images in the anterior, 400 and 700 left anterior oblique projections, using a Siemans LEM portable gamma camera, fitted with a 200 slant hole collimator, and interfaced to an IBM PC-XT based portable computer acquisition system (Harpootlian Associates, Los Altos, California). The energy window was set at the 159 kev photopeak of l23`. Three hours after injection of MIBG, the planar images were repeated, followed by the injection of 1.5-2 mCi 20`T1. The 3-hour delay allows nonneuronally bound MIBG to wash out from the heart, leaving neuronally bound MIBG, which has a much slower washout rate.7 Five minute planar images of 123I MIBG (159 kev), followed by 5-minute planar images of 20`TI (80 kev), were acquired in each projection. Prior phantom studies using equicurie amounts of 1231 and 201T1 showed a target to background ratio of over 10/1 when imaging thallium in the presence of 123i, and greater than 6/1 when imaging 1231 in the presence of 20WT1.
In six of the animals, dual isotope single photon emission computed tomography was done to assess the simultaneous myocardial distribution of MIBG and thallium with a Siemans Orbiter SPECT system. Two of the phenol-treated animals were studied on a second occasion after a period of 6 days to assess the repeatability of the image findings.
Following imaging, the animals were killed with an injection of saturated potassium chloride, and the heart was rapidly excised and sliced transversely. The anterior and posterior left ventricular free walls were biopsied and analyzed for norepinephrine content in the normal control and the stellectomized hearts, and the phenolized and nonphenolized regions of the left ventricle were biopsied in the animals denervated by phenol application. In eight animals, the free wall of the right ventricle was biopsied as well for norepinephrine content (see below).
After biopsy, the myocardial slices were imaged directly, for MIBG and thallium activity (5-minute acquisition for each isotope).
Norepinephrine Content Analysis
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HPLC (SmithKline Bio-Science Laboratories, Van
Nuys, California).
Computer Functionial Maps
Color-coded computer functional maps were generated with a PDP 11 40 computer (Digital Equipment Corporation, Maynard, Massachusetts) to display the simultaneous distribution of adrenergic nerve uptake from the 3-hour delayed MIBG images and myocardial perfusion from the thallium images. The early MIBG images were not used for this analysis. First the brightest pixel in the MIBG image was normalized to the brightest pixel in the thallium image. In general, planar maps averaged 533 pixels per study, and maps of myocardial slices averaged 816 pixels per study. The functional maps were then processed in two steps: First, correction of background in each image was performed (see below). This step is the only source of variability in the analysis. Second, a color functional map in which each pixel encodes two parameters was cal- Plciianar imaiclges. Since surrounding tissue is not of uniform intensity, tissue cross-talk cannot be corrected by subtracting a constant. We use instead a computer technique modeled on an established method for correcting '`Tl perfusion images.8 MIBG and "TI images are corrected separately. A region of interest traces the boundary between myocardium and surrounding tissue. The geometric centroid of the region is calculated, and the region boundary is expanded by three pixels in all directions. The counts within this expanded boundary are sampled at 20 equally spaced points at 18°i ntervals. These sample points are used to estimate correction values to be subtracted from each point within the original myocardial region. The correction value for a particular pixel is the weighted mean of sample point counts with weights inversely FIGURE 22. Color 1SCintigram offuznctiotIal miaps jfotm a no10r77al hleart. Otn the rig/it are inl vivo planar images, and oni the left are myocardial slices. The talort. left ventricular. tnass appears red, inidicatintzg a sinmilar anid parcallel distribution of 12-j metaiodobenizyelglatnidinie (MIBG and thalliuim (normcal innervation). The rig/it vetntricle shows increased MIBG to thialliuim, conisistentt wit/i increased innervation, relative to the left ventricle.
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Measulring Intertobsetn e-and Jntraobserver Variability
Functional maps from the LAO 70 planar projection (nine studies), and myocardial slices (seven studies), were analyzed separately by two observers. After a 2-week interval, the studies were reanalyzed by one of the observers.
Statistical Analyvsis
Norepinephrinie conitenits. Nore pinephrine contents from innervated and denervated regions were expressed as mean + SD. These regions were compared with an unpaired t test and were related to the MIBG/thallium distributions on the functional maps. In studies where right ventricular biopsy samples were acquired, right ventricular and left ventricular norepinephrine contents were compared using the Wilcoxon Signed Rank Test for independent samples.
Variability ania4ysis. We used the Pearson Product Moment r Statistic to measure interobserver and intraobserver variability." For each study, we correlated the polar angle values obtained by observer one against those obtained by observer two. For the computation, one observation consisted of the pair of polar angles obtained by each observer at a particular pixel. To limit analysis to cardiac regions, we excluded pixels with intensity values less than 20%( of the maximum intensity. A Pearson r. was computed for each study in a data set including images of planar projections and excised slices, and the pixel data were pooled across studies to compute an rvalue for the entire data set.
Results
In all instances, the initial MIBG images showed a homogeneous distribution. However, regional variations were found in the delayed images. The computer functional maps were obtained from a comparison of the delayed MIBG images and the thallium images.
Normal Hea-t.s Figure 2 shows functional maps from a normal heart. On the right are in vivo planar images, and on the left are myocardial slices. As illustrated by the color scale, thallium is coded green, and MIBG is coded blue. The major left ventricular mass appears red, indicating a similar and parallel distribution of MIBG and thallium activity. The right ventricle shows an excess in MIBG activity relative to thallium, consistent with increased sympathetic innervation in the right ventricle. We saw this pattern of increased activity in the right ventricle in four of the normal hearts ( Figure 3 ). The remainder showed equal activity (red) in both ventricles. In the example in Figure 2 , the apex shows a slight decrease in MIBG relative to thallium, indicating decreased innervation at the apex. This finding was present in two of the control studies. Figure 4 shows dual isotope emission computed tomograms from a dog with left stellectomy. The display formats cross-sections of the heart, starting at the apex (above left), and progressing to the base. MIBG images are in the upper rows, and simultaneously acquired thallium images are in the lower panels. Note a deficiency in MIBG uptake in the posterior left ventricle, whereas the thallium perfu-sion image is homogeneous. This pattern is consistent with regional denervation of the posterior left ventricle, the territory of left stellate ganglion distribution.
Stellectomny Heatts
Color functional maps from the planar images of the dog shown in Figrure 4 are illustrated in Figure 5 (left), along with functional maps from the planar images of a dog with a right stellectomy (right). The area coded green, seen best in the LAO 70 projection, indicates MIBG deficiency, and corresponds to the expected distribution of sympathetic nerves, with relative denervation of the posterior left ventricle in the left stellectomized heart and relative denervation of the anterior left ventricle in the right stellectomized heart. The reczion of violet at the lateral borders of the maps results from the fact that the background in the MIBG image is generally higher than that present in the thallium image. This "edge effect" is usually seen when the pulmonary uptake of MIBG is unusually prominent, particularly in the left lower lobe. The method used to correct for background does allow for significant variations, but in situations of very high lung background, the result is a slight undersubtraction of the MIBG counts in regions adjacent to the heart. 
Phenolized Hearts
Myocardial slices from a dog with regional denervation created by application of phenol to the epicardium are illustrated in Figure 7 . As shown in the stellectomized hearts, a broad area of relative denervation is present, represented by the green color. The extent of denervation extends well beyond the margins of the phenol ring, most likely representing interruption of the major nerve trunks traveling in the subepicardium, with denervation of distal areas. Again, this example was typical of phenolized animals where image evidence of regional denervation was also noted in planar images of the intact heart. Evidence for increased MIBG in the right ventricle was found in one of the phenolized hearts.
Two of the phenolized animals were studied on separate occasions 6 days apart. The functional maps showed a similar pattern of denervation between the two studies in both animals (Figure 8 ).
Norepinephrine Content
The norepinephrine content from left ventricular regions showing reduced MIBG uptake was significantly reduced (39±44 ng/g), compared with the regions showing normal MIBG uptake (550 ± 223 ng/g, p<0.001) (Figure 9 ), providing biochemical confirmation of regional denervation.
In eight animals (seven controls, one phenol), tissue norepinephrine from the free wall of the right ventricle was analyzed. In four of the eight (three controls, one phenol), the MIBG-thallium functional maps of myocardial slices showed evidence of increased MIBG in the right ventricle compared with the left. In these, the norepinephrine content was significantly higher in the right ventricle com- pared with the left ventricle (right, 968±264 ng/g; left, 530±177 ng/g; p<0.05). In the four animals showing normal innervation in the right ventricle on the functional maps, there was no difference in norepinephrine content between the two ventricles (right, 598±208 ng/g; left, 560±227 ng/g;p=NS).
Interobserver atd Intraobset cer Variability
There was highly significant agreement between observers and between studies processed by a single observer (see Table) .
Discussion
The ability of sympathetic nerve endings to take up exogenously administered catecholamines is well established. Axelrod et all" and Whitby et al '1 showed rapid accumulation of [5H]norepinephrine and [3H]epinephrine in heart, spleen, and other peripheral tissues in cats and mice. Many subsequent reports have confirmed the existence of a high-affinity, neuronal uptake mechanism, confined to postganglionic sympathetic nerves (uptake l), and a low-affinity, high-capacity extraneuronal uptake mechanism (uptake 2). l Tracer amounts of injected radiolabeled catecholamines are largely distributed to neuronal sites; however, even at low concentrations, extraneuronal uptake has been shown to occur.", Neuronally bound catecholamines are generally retained for long periods of time, whereas in the case of norepinephrine, the extrancuronal material is rapidly metabolized and not retained.'`C-Norepinephrine has been used to provide an image of the isolated dog heart'4; how- ever, due to significant metabolism of the agent, the distribution was not limited to sympathetic nerves. Previous studies have demonstrated the affinity of radioiodinated MIBG, an analogue of guanethidine, for the adrenal medullae and adrenergic nerves.2 Myocardial localization has been demonstrated with MIBG in several animal species and in humans.3 MIBG is thought to share similar uptake and storage mechanisms as norepinephrine'5; however, it is not metabolized by monoamine oxidase or catechol-o-methyl transferase. 1 Reserpine, which blocks the vesicular uptake of norepinephrine in adrenergic neurons, caused a marked decrease in canine myocardial concentration of MIBG.I Nakajo et all7 found an inverse relation between the accumulation of (`311)-MIBG in the heart and the plasma concentration of catecholamines, suggesting competitive uptake of MIBG by the heart with circulating catecholamines. Salivary gland uptake of MIBG was blocked by the administration of tricyclic antidepressants, which are known to inhibit neuronal uptake of norepinephrine. 18 Sisson et all" recently showed a correlation between reduced tissue nor-epinephrine and MIBG in hearts regionally denervated by epicardial phenol application. "-However, they were unable to find evidence of denervation in left stellectomized hearts.
Norepinephrine, guanethidine, and MIBG are distributed to neuronal and nonneuronal compartments in the heart."' Assessment of the neuronal distribution is facilitated by the fact that efflux from the nonneuronal compartment is more rapid than from the neuronal compartment. By 3-4 hours after injection of MIBG, the images obtained are thought to largely represent the neuronally bound radionuclide.-Few studies have assessed the myocardial localization of MIBG in pathologic situations. Glowniak et alVtJ showed abnormal regional myocardial accumulation of MIBG in four patients with postganglionic neuropathy compared with four controls, while Nakajo et al'l showed rapid washout of MIBG from the heart in three patients with generalized adrenergic dysfunction.
In the present study, the initial MIBG images were homogeneous. This initial localization of MIBG apparently depends primarily on blood flow. Variations in MIBG uptake on delayed images, however, were discordant from regional perfusion, and correlated with tissue norepinephrine in regionally denervated hearts, providing support for the neuronal localization of the radionuclide. The distribution of MIBG cannot be interpreted as providing a map of myocardial norepinephrine content, however, because 80ce of the myocardial norepinephrine content is synthesized within the heart itself and not recaptured.-"-3 The distribution of MIBG most closely represents the distribution of sympathetic nerve endings with a preserved uptake process. It has previously been shown that the uptake of tritiated norepinephrine is a better indicator of sympathetic innervation than is norepinephrine content.24 Hence, the scintigraphic distribution of MIBG may provide a very useful tool for studying alterations in sympathetic innervation.
Our methodology for generating the functional maps involves little operator intervention and has proven to be highly reprodueeable. In addition, similar image patterns were obtained in the same animal studied on separate occasions. The edge effect noted in the planar studies does occasionally appear. This effect is a result of the imperfect method for background subtraction of the sometimes high levels of MIBG in the lungs. The method of background subtraction eliminates much of this tissue cross-talk but not all of it. In situations of high MIBG background, the estimation of the distribution of denervated myocardium may be underestimated somewhat. The presence of the edge effect does not lead to major problems in interpretation due to its consistent location and its predictable occurrence. Color functional maps from SPECT studies may pose less of a problem due to background changes because of the higher contrast of the images. The creation of functional maps from the excised slices is largely unaffected by this problem.
The image patterns in normal hearts indicate that occasionally the apex may show a limited area of relative denervation compared with the remainder of the myocardium. Previous studies that have evaluated the myocardial distribution of norepinephrine have shown similar patterns with a reduction in norepinephrine content at the apex,2>.26 supporting our findings. The occasional appearance of increased MIBG in the right ventricle was an unexpected finding. Several possible explanations can be offered. It is well known that the perfusion of the right ventricle is quantitatively less per gram than that of the left ventricle.27 As a result, one may speculate that the appearance of increased MIBG is due to the fact that the images are normalized to the perfusion of the left ventricle, but this is probably not the case. Because of the lower blood flow to the right FIGL RE 8. Color sciltigtam ovfjunlsctionzal mzaps froi plcanaritiages .f-ot a dog studie on twto ooc.c.asionIs: week (upper) and 13 dcavs (lower) after-phlenlol application. ventricle, one would expect a lower delivery of MIBG to the right ventricle, and a balanced parallel distribution of MIBG and thallium between the two ventricles (as was found in most of our cases). On the planar images, the appearance of increased MIBG in the right ventricle may be related to the fact that the right ventricle is further from the camera, particularly in the left anterior oblique projections, and the lower energy of thallium com- thallium counts, giving the appearance of greater relative 12Ijcounts. This is not the case with imaging the excised myocardial slices, however. The norepinephrine content from right ventricles showing increased MIBG (relative to thallium) was significantly greater than that in the corresponding left ventricle showing normal MIBG. At least two previous studies have shown a similar pattern of greater norepinephrine content in the right ventricle. The norepinephrine content values in a population of normal dogs reported by Pace et a1> were sitnificantly higher in the right ventricle than in the left.
Angelakos>5 found slightly higher concentrations of norepinephrine in the right ventricle; however, the mean difference was small and statistically not significant. The ability of our functional maps to detect a subpopulation of animals with increased MIBG uptake in the right ventricle may account for the finding of significant differences in norepinephrine content in these animals, as opposed to the pooled population studied by Angelakos, where individual norepinephrine content differences were blunted. Whether increased innervation in the right ventricle is of any physiologic significance is unknown.
The functional maps developed to show the simultaneous distribution of MIBG and thallium provide important new spacial information about relative myocardial innervation. This dual isotope technique may be limited, however, if a balanced homogeneous reduction in innervation is present. In this situation, the functional maps may appear normal (indicating homogeneous innervation). We have extended this methodology to allow the possibility of detecting balanced reduction of innervation through the use of functional maps to display MIBG efflux between the early and delayed images.29 The preliminary results are encouraging.
Imbalances in sympathetic function are thought to play an important role in the etiology and outcome of numerous clinical disorders such as myocardial ischemia and infarction, congestive heart failure, myocardial hypertrophy, hypertensive heart disease, and diabetic heart disease. Such imbalances may be significant in the cause of sudden death. However, the pathophysiologic mechanisms relating abnormalities in sympathetic activity to these various clinical disorders are poorly understood and relatively unexplored. The functional images that we have developed to show the simultaneous distribution of the sympathetic nerve endings and underlying myocardial mass provide a unique, noninvasive means of assessing the sympathetic innervation of the heart. This method may be particularly useful to determine if a structural or functional imbalance in innervation is present in these disorders and to evaluate the role of altered innervation in pathophysiology.
This new ability to noninvasively map the distribution of sympathetic nerves may provide important new insights into mechanisms relating the sympathetic nervous system to disease pathogenesis.
